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Abstract 
 
We present scanning near-field images of surface plasmon modes around a single elliptical 
nanohole in 88 nm thick Au film. We find that rotating surface plasmon vortex modes carrying 
extrinsic orbital angular momentum can be induced under linearly polarized illumination. The vortex 
modes are obtained only when the incident polarization direction differs from one of the ellipse axes. 
Such a direct observation of the vortex modes is possible thanks to the ability of the SNOM technique 
to obtain information on both the amplitude and the phase of the near-field. The presence of the vortex 
mode is determined by the rotational symmetry breaking of the system. Finite element method 
calculations show that such a vorticity originates from the presence of nodal points where the phase 
of the field is undefined, leading to a circulation of the energy flow. The configuration producing 
vortex modes corresponds to a nonzero total topological charge (+1). 
 
 
 
 
  
Subwavelength holes play an important role in several advanced techniques in nano-optics. 
Their optical behavior is central to high resolution near-field scanning microscopies1-7, extraordinary 
optical transmission phenomena8, surface-plasmon assisted light beaming9,10, fluorescence 
correlation spectroscopy11, and optical trapping12. The theory of light diffraction through an aperture 
is very complex even in the simplest geometries and, usually, it is possible to distinguish two general 
cases13: an aperture with a radius 𝑟 significantly larger than the wavelength of the impinging radiation 
(𝑟 ≫ 𝜆଴ ), that can be treated using the Huygens-Fresnel principle; and an aperture with a radius 𝑟 
significantly smaller than the wavelength of the impinging radiation (𝑟 ≪ 𝜆଴ ), discussed for the first 
time by Bethe in 194414, that provided a complete solution of the Maxwell’s equations. When the 
lateral dimensions of the aperture is smaller than half the wavelength, light cannot propagate through 
the hole and the transmission is typically very weak. However, a real subwavelength aperture15 
behaves very differently because the finite thickness and the finite conductivity of the metal can give 
rise to exotic optical phenomena, related to the electromagnetic field distribution around the aperture, 
to the excitation of surface plasmon polaritons (SPPs), and manifestations of spin-orbit interactions 
(SOI)16,17. Recently, there has been a great interest in understanding and demonstrating SOI of light18. 
At the subwavelength scale, SOI phenomena can be very relevant since they allow to control the 
spatial degrees of freedom of light (intensity distribution of electromagnetic field and propagation 
paths) selecting the spin states of incident photons (𝜎 = ±1 that corresponds to the right- and left-
hand circular polarization of light). SOI results from the interaction between light carrying spin (as 
circularly polarized light) and spatially inhomogeneous or anisotropic materials. This interaction 
leads to many interesting phenomena, such as the photonic spin Hall effect (SHE)19-21, optical spin-
to-orbital angular momentum conversion22,23, generation of spin-dependent light force24, plasmonic 
vortex modes25,26, and spin-momentum locking effect in evanescent waves27,28. However, due to the 
small momentum carried by photons, the SOI of light are exceedingly small and their experimental 
observation is challenging 29-33. In order to explore such weak processes, plasmonic metamaterials 
(nanoparticles or nanostructured thin films that support plasmon resonances) are largely used, thanks 
to the flexibility of their structural design and the enhanced subwavelength local field. Strong spin 
Hall effects have been observed in metasurfaces with anisotropic nanostructures26,34. Considering 
circularly-polarized incident light, helicity-dependent transverse motion of refracted light has been 
observed in such systems35,36. Moreover, for linearly polarized incident light, it has been shown that 
the refracted beam can display a transverse splitting of the two spin components16. 
In this context, we study the SOI effects of an evanescent field scattered by an isolated 
elliptical nanohole in a 88 nm thick Au film by using a near-field scanning optical microscope 
(SNOM) working in transmission mode. Exploiting the rotational symmetry breaking due to the 
elongated shape of the nanohole, a plasmonic vortex mode is generated by illuminating the hole with 
an incident light beam without a spin state (𝜎 = 0 corresponds to linearly polarized light). We present 
a direct observation of the vortex mode by SNOM measurements. This observation relies on the 
unique ability of this technique to provide information on both amplitude and phase of the 
electromagnetic near-field distribution37. Specifically, we demonstrate that the geometric anisotropy 
plays a key role in the near-field SOI and that it is responsible for the generation of a plasmonic vortex 
mode from a single elongated nanohole. This is a much simpler structure than those generally used 
to investigate these effects, such as plasmonic rings, Archimedes spirals and similar composite 
structures38,39. In addition, the rotation direction of the vortex (right- or left-hand rotation) depends 
on the angle 𝜃 between the polarization direction of the incident field and the symmetry axes of the 
ellipse, which induce a spin-dependent splitting in the scattered field and controls its spatial 
distribution in near-field. 
Results and Discussion 
In order to explore the contribution related to the scattered optical field around the elliptical 
nanohole to the SOI phenomena, the SNOM measurements are performed using two linear polarizers 
with crossed optical axes: the first (#1) placed in the optical path of the incident field before the 
sample (see Fig. 1) allows to polarize the incident beam; the second one (#2) filters the 
electromagnetic field collected by the probe after the interaction with the sample.  
Figure 2a shows the SNOM image of the scattered field (scan area 5μm×5μm) performed using a 
linearly polarized incident beam at 𝜆௘௫௖ = 632 nm with normal incidence. The polarization axis 
forms an angle of 𝜃 = +45° respect to the x-axis of the elliptical nanohole (its direction is indicated 
by the white dotted line). In order to suppress the contribution of the incident field, the second linear 
polarizer (#2, placed before the CCD camera) is crossed (rotated by 90°) respect to the first one. As 
will be confirmed below, with the help of numerical calculations, under these illumination and 
detection conditions, the electromagnetic field shows a spiral-like distribution with a 
counterclockwise rotation, corresponding to a surface plasmon vortex mode. In order to provide a 
complete explanation of this exotic distribution of the detected electromagnetic field, it is useful to 
understand the properties of the detected signal. The SNOM probe collects almost only the z-
component of the total field generated close to the sample surface and converts it to a propagating 
wave (see Methods). The electromagnetic field intensity detected by the CCD camera can 
approximately be written as37: 
𝐼(𝒓) = ห𝐸௕௚ + 𝛼𝐸௭(𝒓)ห
ଶ
≅ ห𝐸௕௚ห
ଶ
+ 2𝑅𝑒 ቀ𝛼𝐸௕௚∗ ∙ 𝐸௭(𝒓)ቁ,    (1) 
where 𝐸௭(𝒓) is the z-component of the electric field in the near-field region on the top of the sample 
and 𝐸௕௚ is the position-independent background field that includes all the electromagnetic field 
scattered by the sample (also due disorder and interface roughness) or, more generally, from the 
sample-probe system in the direction orthogonal to the incident polarization. The incident 
electromagnetic field contributes to the background field, because the Au layer thickness is 
sufficiently thin to allow to a small fraction of the incident light to cross it. In Eq. (1), 𝛼 is the transfer 
function of the SNOM probe, and we assume that the probe mainly collects the z-component of the 
electric field. The approximate expression in Eq. (1) is obtained assuming |𝐸௕௚ |≫|𝐸௭|, where ห𝐸௕௚ห
ଶ
 
is the background intensity, while 2𝑅𝑒 ቀ𝛼𝐸௕௚∗ ∙ 𝐸௭(𝒓)ቁ is an interference term that depends on the 
probe position with respect to the sample and provides information on both the amplitude and the 
phase of the near-field component 𝐸௭(𝒓). This interference term can be both positive and negative 
with respect to the constant background component and it is responsible of the strong contrast 
observed close to the nanohole (see Fig. 2a). 
In order to understand the origin of the spiral-like distribution of the evanescent 
electromagnetic field around the nanohole, FEM (Finite Element Method) simulations have been 
performed, considering the same experimental illumination conditions (orientation of the incident 
polarization and normal incidence of the exciting beam). Since the interesting optical behavior is 
ascribed to the near-field amplitude collected by the SNOM probe, and since we can assume both 
phase and amplitude of the background field as position independent, in our FEM simulations we set 
both these quantities to zero and evaluate a map of the z-component of the total electric field 𝑅𝑒(𝐸௭ ). 
Notice that, a non-zero value of this phase can only affect the position of maxima and minima of the 
interference pattern, without changing the overall spiral shape and its rotation direction. 
Figure 2b shows the numerical calculation of 𝑅𝑒(𝐸௭ ) in a plane at a distance ℎ =  2 nm from 
the sample surface. The resulting field distribution is in very good qualitative agreement with the 
experimental result shown in Fig. 2a. Figure 2c displays the distribution of |𝐸௭|ଶ, which is 
characterized by an interference pattern with the maxima aligned along the incident polarization. 
However, the spiral structure shown in Figs. 2a and 2b is not visible. This different behavior confirms 
that the detected signal is described by Eq. (1). Figure 2d shows the map of the numerically calculated 
square modulus of the total electric field |𝐸|ଶ, displaying an interference pattern very similar to that 
shown in Fig. 2c. In fact, the nanohole acts as a point like source of SPPs40, which are more 
pronounced in the direction of electric field polarization since, along this direction, the incident 
electromagnetic field separates positive and negative charges in the metal and reinforces the external 
field around the aperture. This charge distribution close to the nanohole produces both LPRs and 
SPPs, propagating on the metal surface.  
 SNOM measurements and FEM simulations were repeated considering an incident light beam 
with polarization aligned with the major axis of the nanohole (𝜃 = +90°). The corresponding SNOM 
image is reported in Fig. 3a. It shows an interference pattern along the polarization direction of the 
incident light beam. A similar interference pattern is obtained by FEM simulations (see Figs 3b-d). 
The images in Figs. 3a and 3b are in good qualitative agreement only in the lower half of the nanohole 
plane. On the contrary, the theoretically predicted interference pattern is not visible in the upper half 
of the nanohole plane of the SNOM image. This absence of interference on one half-plane could be 
explained as the disturbance induced by a nearby gold nanoparticle (a side effect of the nano-drilling 
process) clearly visible in the AFM image (see Methods). We observe that, with this incident linear 
polarization, no spiral-like field distribution is visible in both SNOM and calculated maps. The results 
shown in Figs. 2 and 3 agree with previous theoretical analysis and calculations31, where it has been 
shown that SP vortex modes, carrying extrinsic orbital angular momentum, can be induced under 
linearly polarized illumination of individual anisotropic nanostructures, when the polarization 
direction differs from the symmetry axes of the nanostructure. This effect is a manifestation of SOI 
of light and it is intimately linked to the prediction and observation of a related effect: the splitting of 
light trajectories depending on the spin state of the incident light18. 
A deeper understanding of the origin of the vortex-modes under illumination with linearly-
polarized light can be obtained by calculating the phase distribution of the longitudinal component 
𝐸௭ of the electric field near the surface. Figure 4 shows the spatial distribution of the phase of the z-
component of the electric field and of the optical momentum 𝒑଴27 around the nanohole, calculated by 
FEM simulations both for a 𝜃 = +45° (a,c) and 𝜃 = +90° (b,d) incident polarization direction. The 
optical momentum 𝒑଴ can be written in terms of the electric 𝑬 and magnetic 𝑯 components of the 
optical field as26,27: 
𝒑଴ =
ఊ
ଶ
𝐼𝑚[𝑬∗ ∙ (𝛻)𝑬 + 𝑯∗ ∙ (𝛻)𝑯]     (2) 
where 𝛾 = (8𝜋𝜔)ିଵ is a constant in Gaussian units that depends on the frequency 𝜔 of the incident 
light. Both panels 4a and 4b show the presence of nodal points (or phase singularities), where the 
phase is undefined. These points correspond to places where the intensity of the field |𝐸௭|ଶ is zero 
and in general all the phase values from 0 to 2𝜋 occur around these singularities, leading to a 
circulation of the optical energy35,41.  
These points, which are extremely general features of optical fields, can be observed in the 
plane orthogonal to the propagation direction of beams carrying orbital angular momentum 𝒑଴42. In 
general, they can occur in a plane when three or more waves interfere41. Here the elliptical hole can 
be viewed as the combination of two dipole-like oscillators of different lengths, and the phase pattern 
is the result of the interference between these two dipoles and the SPPs propagating on the gold 
surface. These phase singularities do not occur for circular holes (see Supplementary Information). 
We can express the 𝐸௭ component of the electric field as 𝐸௭(𝒓) = 𝜌(𝒓) 𝑒𝑥𝑝[𝑖 𝜒(𝒓)]. By defining a 
circuit 𝐶 enclosing the point where 𝐸௭ vanishes (both the real and the imaginary part), the strength of 
the singularity, or topological charge, can be calculated as41: 
ℓ = ଵ
ଶగ ∮ 𝑑𝜒,      (3) 
where 𝑑𝜒 is the phase variation along the circuit 𝐶 and ℓ is the topological charge, which is positive 
if the phase increases in the clockwise direction. The contribution of 𝐸௭ to the electromagnetic energy 
flow can be expressed as 𝒋 = 𝐸௭∗ ∇ 𝐸௭ = 𝜌(𝒓) ∇𝜒. The resulting energy flux is thus oriented in the 
direction of the phase change ∇𝜒, and  the phase singularities are therefore vortices of the optical 
energy flow, named optical vortices41. Hence, these phase-singularity points determine the overall 
flow of the optical energy in a plane. As observed in several studies41-43, these, and other phase 
singularities (where ∇𝜒 = 0) organize the global spatial structure of the optical field. They constitute 
a skeleton on which the phase and intensity structure hangs. For example, a phase singularity with a 
helical phase around it, generating a circulation of the local momentum density (phase gradient), 
produces an orbital angular momentum. 
When the incident polarization is collinear with one of the hole axes (Fig. 4a), no nodal points 
are visible inside and on the hole edges. The closest vortex singularities are four with topological 
charges ℓ = ± 1 and are located at about 260 nm from the center. It is interesting to notice that they 
compensate, so that, the total topological charge ℓ௧௢௧ =  ∑ ℓ௜ = 0ସ௜ୀଵ .  
Specifically, the top left point has a charge ℓଵ = −1, the top right charge is ℓଶ = +1, the 
bottom right: ℓଷ = −1, and the bottom left has a charge ℓସ = +1. Figure 4c, including the associated 
energy flow j, clearly shows the relationship between the charge sign and the rotation sense of the 
current around each point. The absence of an overall surface-plasmon vortex-mode under this incident 
polarization condition is closely related to the observed compensation of the topological charges. 
Notice that also singular points at larger distances display this kind of charge compensation, otherwise 
absent in the phase maps obtained with linearly polarized incident light (Figs. 4b, d). When the linear 
polarization direction of the incident light is rotated with respect to the major axis of the elliptical 
nanohole (𝜃 = +45°), a more complex phase map, with a larger number of optical vortices appears 
(see Figure 4b). Specifically, the phase singularities are placed on a band along the direction 
orthogonal to the incident polarization. One of these points is located at the center of the nanohole 
with ℓ଴ = −1 and two are located on the edge of the hole, with topological charges ℓଵ = ℓଶ = +1. 
Hence, the surface surrounded by an imaginary line around the nanohole, shows an unbalanced total 
charge ℓ௧௢௧ =  ∑ ℓ௜ = +1ଶ௜ୀ଴  . The SPP vortex mode experimentally observed (Fig. 2a) is intimately 
related to this overall charge unbalance that determines a net non-zero vorticity (see also Fig. 4d). 
Moreover, all the singular points beyond the edge constitutes pairs with opposite topological charges. 
Hence the total charge for this configuration is determined by the unbalanced total charge inside the 
surface surrounded by an imaginary line around the nanohole: ℓ௧௢௧ =  ∑ ℓ௜ = +1ଶ௜ୀ଴ . This 
arrangement of singular points, resulting from the hole-anisotropy and from the rotated polarization 
direction, determines a helix arrangement of arches of almost constant phase (see Fig. 4b), interrupted 
by abrupt phase changes (in correspondence of the singular points). This phase structure is closely 
linked to the helix shape which can be observed in the SNOM image in Fig. 2a, and to the FEM 
calculated 𝑅𝑒(𝐸௓) in Fig. 2b. As shown in Fig. 4d, this charge unbalance induces an overall vorticity 
of the energy flux 𝒋, and hence a SPP mode with nonzero orbital angular momentum. 
Figure 5 shows the spatial distribution (2μm × 2μm) of the angle 𝛽 that the spin density 𝒔 
creates with the xy-plane, calculated by FEM simulations at ℎ = 2 nm from the Au surface. The spin 
density 𝒔 can be written in terms of the electric 𝑬 and magnetic 𝑯 components of the optical field 
as26,27: 
𝒔 = ఊ
ଶ
𝐼𝑚[𝑬∗ × 𝑬 + 𝑯∗ × 𝑯]     (4) 
where 𝛾 = (8𝜋𝜔)ିଵ is a constant in Gaussian units that depends on the frequency 𝜔 of the incident 
light. We considered two incident polarization directions: (a) coincident with the major axis of the 
elliptical nanohole (𝜃 = +90°), and (b) rotated by 𝜃 = +45°. The two panels in Fig. 5 show as the 
spin density distribution is affected by the linear polarization. The distribution of the angle 𝛽 shows 
that the spin 𝒔 is orthogonal to the 𝑥𝑦-plane in correspondence to the phase singularities (see Fig. 4) 
and 𝛽 can be positive or negative (upwards or downwards with respect to the 𝑥𝑦-plane) depending 
on the topological charge of each nodal point and, hence, on the rotation direction of the vorticity of 
the energy flux j. Since in these phase-singularity points the optical momentum 𝒑଴ possesses only 
components on the 𝑥𝑦-plane, here the spin of the optical field turns out to be almost completely 
transverse to the optical momentum 𝒑଴. This is a clear manifestation of the “spin-momentum locking” 
effect26,42, due to the evanescent behavior of light in the near-field region.  
Conclusions 
We have reported scanning near-field images of surface plasmon modes around a single 
elliptical nanohole, which provide a direct evidence of rotating surface plasmon vortex modes. 
Specifically, we have demonstrated that surface plasmon resonances with orbital angular momentum 
can be induced under linearly polarized illumination. These vortex modes arise only when the incident 
polarization direction differs from one of the ellipse axes. Such a direct observation of the vortex 
mode was possible thanks to the ability of the SNOM technique to provide information on both the 
amplitude and the phase of the near-field, thus, giving an accurate description of the spatial structure 
of surface plasmon polaritons. By developing FEM calculations, we were able to reproduce the 
observed plasmonic vortex modes and to infer their origin. We have shown that such a vorticity 
originates from the presence of nodal points with an overall charge different from zero, leading to an 
overall circulation of the energy flow. Analyzing the spatial distribution of the spin density vector, 
we found that 𝒑଴ and 𝒔 are orthogonal to each other in correspondence of the phase singularities. This 
is a clear manifestation of the “spin-momentum locking” effect, due to the evanescent behavior of the 
light. The simple detection method here used can be applied to probe localized surface plasmons in a 
variety of individual or coupled nanoholes and nanostructures44,45. Furthermore, it would be 
interesting to study these effects on dielectric surfaces supporting surface polaritons46,47. Future 
research is needed to investigate polarization-dependent optical momenta and forces around these 
elliptical nanoholes and around the resulting nodal points48. These measurements could be performed 
by means of nano-cantilevers27.  
Methods 
Samples preparation: A No. 1 (0.13 - 0.16 mm thick) cover slip was taken and carefully 
washed multiple times with acetone and isopropanol in a clean room environment. Layers of titanium 
1 nm, gold 88 nm and chromium 1 nm thick were evaporated sequentially onto the cover slip using 
an Electron Beam Evaporator (EBE, Lesker PVD). A thin layer of Titanium is deposited to ensure 
adhesion of Gold to the glass substrate. A Focused Ion Beam (FIB, FEI NanoLab 600 dual beam 
system) milling at 80 pA current and 30 kV voltage was used to drill elliptical holes with diameters 
of 130 nm and 80 nm on the long and short axis lengths respectively. The upper layer of chromium 
was removed using a Cr etch after removing the cover slips from the EBE and before performing 
SNOM measurements on them. Chromium layer is deposited and then etched to give straight edges 
to the nanoholes after the milling process. 
Samples characterization: The far-field absorption spectrum of the Au thin film (see Fig.6a) 
has been measured by a UV/VIS/NIR spectrometer (Perkin-Elmer Lambda 2) and shows a broad 
band from red to infrared region. AFM (Atomic Force Microscopy) images of the sample surface 
were acquired with a NT-MDT NTEGRA Spectra microscope working in semi-contact mode. Figure 
6b shows the AFM image with a scan area of 30μm×30μm. The sample morphology is characterized 
by a smooth surface with nanoholes placed at distance of 14μm from each other. This distance is large 
enough to ensure that nanoholes are optically isolated. Furthermore, nanoholes are characterized by 
an ellipsoidal shape (see AFM image with a scan area of 5μm×5μm in Fig.6c) with a major axis of 
about 130nm and a minor axis of about 80nm.  
Figure 1d shows SNOM (Scanning Near-field Optical Microscopy) setup used for near-field 
optical characterization of a single nanohole. SNOM measurements were performed in transmission 
mode with hollow-pyramid cantilever49 working in contact mode. As exciting source, we used an 
unpolarized He-Ne laser coupled to a single mode optical fiber (THORLABS). The wavelength of 
laser source (𝜆௘௫௖  = 632 nm) falls inside the absorption band of the metal film and therefore it is 
able to excite the SPPs. In order to define a polarization direction for the incident radiation, a linear 
polarizer (#1) is placed in the optical path between the end of the optical fiber and one aspherical 
lens. The polarized beam was focused onto the sample surface and moved on the plane of the sample 
by a micrometric xyz positioning system. The polarizer is mounted on a rotating support in order to 
control the polarization direction of the incident radiation and to selectively excite localized plasmon 
resonances (LPRs) related to minor or major or either axis of the ellipsoidal nanohole. The radiation 
pattern on the sample surface is collected in near-field by a SNOM hollow cantilever and by a 100X 
objective (Mitutoyo, NA = 0.70). The transmitted light passes through a second polarizer (#2) and, 
finally, it is detected by a cooled CCD Camera (Andor IDus). Also, the second polarizer is mounted 
on a rotating support in order to analyze the polarization of the collected radiation. In this way, it is 
possible to decide whether or not to exclude the incident electromagnetic field contribution and to 
observe the de-polarization process of light that goes through the elongated nanohole. 
Modelling: The finite elements method (FEM) is a differential equation method that computes 
the scattered time-harmonic electromagnetic field by numerically solving the vector Helmholtz 
equation subject to boundary conditions at the particle surface. Due to the discretization process 
(mesh construction) of the domains in smaller parts, this technique is suitable to describe systems 
with complex geometry. The simulated structure is constituted of an Au thin film with a thickness of 
88 nm with an elliptical nanohole placed at its center with major axis 𝑎 = 130 nm and minor axis 
𝑏 = 80 nm. The entire structure is placed on a glass substrate and it is embedded in a 3D finite 
computational domain, discretized into many small-volume tetrahedral cells. In the far-field zone, at 
the outer boundary of the finite computational domain, approximate absorbing boundary conditions 
are imposed. In this way it is possible to suppress wave reflections back into the domain allowing the 
propagation of the numerical outgoing waves as if the domain were infinite. In the near-field zone, 
for the 3D tetrahedral elements, we choose an extremely fine mesh size (up to 0.1 nm) to better 
describe the rapid changes in the electromagnetic field. By solving 3D Helmholtz equations together 
with the boundary conditions in each element of the mesh, we can reconstruct the optical behavior of 
the system and the near-field enhancement distribution around the nanostructures. 
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Figure 1. SNOM (Scanning Near-field Optical Microscopy) setup used for near-field characterization of single nanohole. 
SNOM measurements are performed in transmission mode with a NT-MDT NTEGRA Spectra microscope using a SNOM 
aperture cantilever in contact mode. As exciting source, we used an unpolarized He-Ne laser (𝜆௘௫௖ = 632𝑛𝑚) coupled to 
a single mode optical fiber. A linear polarizer (#1) is placed at the end of the optical fiber and the polarized beam is 
focused onto the sample surface. Resulting radiation is collected in near-field by a SNOM aperture cantilever and by a 
100𝑋 objective (Mitutoyo, 𝑁𝐴 =  0.70). Transmitted light from the sample passes through a second polarizer (#2) and, 
finally, detected by a cooled CCD Camera (Andor IDus). 
  
 
Figure 2. (a) SNOM image (scan area 5μm×5μm) performed using an incident beam at 𝜆௘௫௖ = 632 nm with normal 
incidence and linear polarization at 45° on an elliptical nanohole in a thin gold film. The second polarizer is orthogonal 
respect to the first one (#1⊥#2). Numerical results: (b) Near-field intensity distribution of 𝑅𝑒(𝐸௭) around the elliptical 
nanohole illuminated by a plane wave at λ=632 nm, at 2 nm from the metal surface. Simulations are performed by finite 
element method (FEM) simulation. Size of nanohole: major axis a=130 nm, minor axis b=80 nm. (c) Near-field intensity 
distribution of the z-component of the electric field |𝐸௭|ଶ around the elliptical nanohole illuminated by a plane wave at 
𝜆௘௫௖ = 632 nm, at 2 nm from the metal surface. (d) Near-field intensity distribution of the total electric field |𝐸|ଶ around 
the elliptical nanohole illuminated by a plane wave at 𝜆௘௫௖ = 632 nm, at 2 nm from the metal surface. 
 
 
         
 
  
 
Figure 3. (a) SNOM image (scan area 5μm×5μm) performed using an incident beam at 𝜆௘௫௖ = 632 nm with normal 
incidence and linear polarization at 90° on an elliptical nanohole in a thin gold film. The second polarizer is orthogonal 
respect to the first one (#1⊥#2). Numerical results: (b) Near-field intensity distribution of 𝑅𝑒(𝐸௭) around the elliptical 
nanohole illuminated by a plane wave at λ=632 nm, at 2 nm from the metal surface. Simulations are performed by finite 
element method (FEM) simulation. Size of nanohole: major axis a=130 nm, minor axis b=80 nm. (c) Near-field intensity 
distribution of the z-component of the electric field |𝐸௭|ଶ around the elliptical nanohole illuminated by a plane wave at 
𝜆௘௫௖ = 632 nm, at 2 nm from the metal surface. (d) Near-field intensity distribution of the total electric field |𝐸|ଶ around 
the elliptical nanohole illuminated by a plane wave at 𝜆௘௫௖ = 632 nm, at 2 nm from the metal surface. 
 
  
 
Figure 4. Numerical results: (a) Spatial distribution (2μm × 2μm) of the phase variation of the z-component of the total 
field calculated by FEM simulations at 2 nm from the Au surface for an incident polarization direction coincident with 
the major axis of the elliptical nanohole at normal incidence. The dashed black line encloses the region with the balance 
of total topological charge. (b) Spatial distribution (2μm × 2μm) of the phase variation of the z-component of the total 
field calculated by FEM simulations at 2 nm from the Au surface for an incident polarization direction rotated of 45° 
respect to the major axis of the elliptical nanohole at normal incidence. The dashed black line encloses the region with 
the unbalance of total topological charge. (c) Spatial distribution (1μm × 1μm) of the phase variation of the z-component 
of the total field calculated by FEM simulations at 2 nm from the Au surface for an incident polarization direction shifted 
of 45° respect to the major axis of the elliptical nanohole at normal incidence. (c) Spatial distribution (1μm × 1μm) of the 
phase variation of the z-component of the total field calculated by FEM simulations at 2 nm from the Au surface for an 
incident polarization direction coincident with the major axis of the elliptical nanohole at normal incidence. In figures (c) 
and (d), white arrows are the optical momentum vectors (𝒑଴) that evidence the formation of optical vortices around the 
phase singularities.  
  
 
Figure 5. Numerical results: (a) Spatial distribution (2μm × 2μm) of the angle that spin vector 𝒔 forms with the 𝑥𝑦-plane 
calculated by FEM simulations at 2 nm from the Au surface for an incident polarization direction coincident with the 
major axis of the elliptical nanohole at normal incidence. (b) Spatial distribution (2μm × 2μm) of the phase variation of 
the z-component of the total field calculated by FEM simulations at 2 nm from the Au surface for an incident polarization 
  
 
Figure 6. (a) Far-field absorption spectrum of the Au thin film that shows a broad absorption band from red to infrared 
region. (b) AFM image with a scan area of 30μm×30μm. Sample morphology is characterized by a smooth surface with 
nanoholes placed at distance of 14μm from each other. (c) Detail of the AFM image in (b) (highlighted with a yellow 
square) that shows an AFM image with a scan area of 5μm×5μm. All nanoholes are characterized by an ellipsoidal shape 
with a major axis of about 136nm and a minor axis of about 80nm. 
